Changes in gene regulation are thought to play an important role in adaptive evolution and speciation (Britten and Davidson 1971; King and Wilson 1975; Jin et al. 2001; Carroll 2003 Carroll , 2008 Abzhanov et al. 2004; Iftikhar et al. 2004; Shapiro et al. 2004; Taron et al. 2004; Wray 2007) . In support of this notion, comparative genome-wide studies of gene regulation within and between populations and species have revealed evidence consistent with the action of both stabilizing as well as directional selection on gene expression levels (Oleksiak et al. 2002; Lemos et al. 2005; Rifkin et al. 2005; Gilad et al. 2006; Whitehead and Crawford 2006) . Most of these studies, however, focused on estimates of overall gene expression levels, probably because prior to the development of next-generation sequencing, it was very challenging to characterize expression level variation of individual exons on a genome-wide scale.
Indeed, previous studies of alternative splicing patterns in mammalian species focused on relatively small numbers of exons and genes. For example, Su et al. (2008) studied variation in exon usage and alternative splicing in liver samples from a number of mouse strains from both sexes, by using a custom microarray designed to probe the expression levels of 25,760 exons and exonexon junctions from 1312 genes. By analyzing the exon-level data (without correcting for overall gene expression level), Su et al. (2008) found that 14% of exons are differentially expressed between sexes. Similarly, using computational searches for alternative splicing events, Pan et al. (2005) estimated that more than 11% of human and mouse cassette alternative exons are skipped in one species but used constitutively in the other. The speciesspecific alternative splicing events were predicted to modify conserved domains in proteins more often than alternative splicing events that were shared across species. In turn, Calarco et al. (2007) studied alternative splicing differences between humans and chimpanzees using both computational analysis and primary data generated using a custom microarray platform, which included probes designed to detect 3126 alternative splicing events in 2647 genes. Using this combination of approaches, Calarco et al. (2007) found that at least 6% of the exons they tested displayed significant differences in splicing levels between humans and chimpanzees. Moreover, they found that the genes containing these exons were typically not differentially expressed between the two species.
These observations suggest that interspecies and sexually dimorphic variation in the regulation of alternative splicing may be common. However, the studies mentioned above notwithstanding, computational analyses of alternative splicing are typically limited to highly sequenced genomes with an abundance of publicly available expressed sequence tag (EST) data. In turn, microarrays are not an optimal platform for studying variation in alternative splicing because detection is limited to predesigned probes, which requires prior knowledge of all possible exon boundaries as well as exon-exon junctions. In addition, differences in microarray probe composition result in large effects due to variability in hybridization kinetics (Oshlack et al. 2007) , and cross-hybridization makes it difficult to distinguish closely related transcripts (Draghici et al. 2006) . Perhaps because of these limitations, the studies discussed above focused on only a small number of transcripts, and as a result, we still know relatively little about variation in exon usage and alternative splicing within or between species.
Recent developments in sequencing technology have made it possible to use sequence-based approaches for gene expression profiling (an approach recently termed RNA-seq; Marioni et al. 2008; Mortazavi et al. 2008; Fu et al. 2009 ). In contrast to microarrays, these new approaches do not rely on specific predesigned probes and can thus provide a more detailed picture of gene regulatory variation. In particular, RNA-seq data can be used to study differences in exon usage, alternative splicing, and allele-specific expression levels among samples (Wang et al. 2009 ). Thus, sequencing approaches have the potential to provide insight into the mechanisms of regulatory change across species at unprecedented resolution.
Results
We used RNA-seq to study transcript regulation in humans, chimpanzees, and rhesus macaques, using liver RNA samples from three males and three females from each species, sequencing each sample independently in two lanes of Illumina's Genome Analyzer II (for more details on samples, data collection, and associated protocols, see Methods; Supplemental Tables S1, S2; Supplemental Fig. S1 ). Using this study design, we obtained on average 5.9 million, 6.6 million, and 7.2 million short (35-bp) sequence reads per lane of human, chimpanzee, and rhesus macaque samples, respectively (Supplemental Table S3 ).
To compare exon and gene expression levels across species, we used BLAT (Kent 2002 ) to identify human exons for which clear orthologs exist in the other two species. To avoid biases due to mapping problems, we removed exons for which multiple plausible orthologs or highly similar paralogs exist (Supplemental Methods). This resulted in the identification of 150,107 orthologous exons in 20,689 genes. We then used MAQ (Li et al. 2008) to align reads to their corresponding genome sequences and counted the number of reads that mapped to orthologous exons in each sample. We performed extensive quality control analyses, including an assessment of the number of genes detected as expressed in each species (13,267, 13,275, and 13,105 genes in humans, chimpanzees, and rhesus macaques, respectively), as well as a comparison of the RNA-seq data to previously collected analogous microarray data (Supplemental Methods; Supplemental Figs. S2-S12; Supplemental Tables S3, S4) .
Lineage-specific and sex-specific patterns of gene regulation
To estimate the expression level of a gene, we summed the number of reads mapping to its exons. We analyzed these gene expression levels using a Poisson mixed-effects model, controlling for the total number of reads in each lane, and including fixed effects for species, sex, and sex-by-species interactions, as well as an individualspecific random effect to account for interindividual variability. To identify genes that are differentially expressed between pairs of species, we used a likelihood-ratio test statistic (Table 1 ; Supplemental Figs. S13, S14). As expected, in both sexes, the number of differentially expressed genes between humans and chimpanzees is much lower than between either humans and rhesus macaques or between chimpanzees and rhesus macaques (Tables 1; Supplemental Table S1 ). That said, we note that (as seen in other studies; Lemos et al. 2005; Gilad et al. 2006) , overall, our data are consistent with the action of stabilizing selection on gene regulation. Indeed, most of the variation in gene expression can be seen between individuals within species (e.g., the variation in gene expression among humans and chimpanzees is just 20% higher then the variation in gene expression among individuals from the same species; Supplemental Fig. S15 ).
Our next analysis therefore aimed to identify individual genes whose regulation likely evolved under natural selection in primates. To do so, we used Poisson mixed-effects models corresponding to expectations under three different evolutionary scenarios (Gilad et al. 2006; Whitehead and Crawford 2006; see Supplemental Methods) . Specifically, we looked for: (1) Genes whose expression levels likely evolved under stabilizing selection, regardless of the sex; we expect such genes to have little variation in gene expression levels among individuals and species (Fig. 1A) .
(2) Genes whose expression levels evolved under directional selection in the human lineage, regardless of the sex; we expect such genes to have little variation in expression levels within and between chimpanzee and rhesus macaque individuals and a significantly different expression level in humans (Fig. 1B) . (3) Genes with conserved sexually dimorphic expression patterns; we expect that the expression levels of such genes will differ significantly between sexes in a consistent direction in all three species (Fig. 2) .
We used a combination of statistical analyses to produce ranked lists of genes whose expression patterns best fit these three different scenarios (Supplemental Methods). At the top of the lists, we expect an enrichment of genes whose regulation evolved under natural selection. To simplify subsequent analyses, we defined statistical cutoffs for each list, thus identifying 1391 and 887 genes whose regulation we classified as likely evolving under stabilizing selection, or directional selection in the human lineage, respectively, and 627 genes classified as having conserved sexually dimorphic expression patterns. Importantly, since any particular cutoff is somewhat arbitrary, we confirmed that all qualitative properties of the data reported below are robust to the choice of cutoff (Supplemental Table S12 ).
To examine the biological functions of genes whose regulation likely evolves under natural selection, we used Gene Ontology (GO) annotations (The Gene Ontology Consortium 2000). Using this approach, among genes whose regulation likely evolved under natural selection in humans, we observed an enrichment of genes involved in transcriptional regulation and genes involved in metabolic pathways (P < 0.001 by Fisher's exact test) (Supplemental Tables S5, S6; see Supplemental Table S7 for results of a similar analysis for genes whose regulation evolves under directional selection in the chimpanzee lineage). These results are consistent with previous observations (Blekhman et al. 2008 ).
In turn, among genes that show a conserved sexually dimorphic expression pattern, we found, as expected (Rinn and Snyder 2005) , an enrichment of genes located on the X chromosome (P = 0.022). In addition, when we focused on autosomal genes, we found conserved regulatory differences between the sexes, which may contribute to phenotypic differences between males and females (Supplemental Tables S8, S9 ). For example, among the subset of genes that are highly expressed in females compared to males in all three species, we found an enrichment of genes involved in metabolism and catabolism of lipids (including steroid metabolism and biosynthesis; P < 0.005), as well as enrichment of genes with ATPase activity (P < 0.01). Both female and male sex hormones have been found to control ATPase activity (Shima 1992; Dzurba et al. 1997) , and previous observations suggest that ATPase expression levels are sexually dimorphic (Quintas et al. 1997; Fekete et al. 2004) . Among genes that are highly expressed in males compared to females in all three species, we found a significant over-representation of genes involved in RNA splicing, RNA binding, and RNA processing (P < 0.01) (see Supplemental Table S9 ). This latter observation is consistent with the notion that sexually dimorphic alternative splicing is an important biological mechanism (Stolc et al. 2004; McIntyre et al. 2006 ).
Analysis of exon usage and alternative splicing
We next examined patterns of exon usage within and between sexes and species. Specifically, we used likelihood ratio tests within the framework of the Poisson mixed-effects model to test, for each individual exon, whether it is differentially expressed between sexes or species after controlling for overall expression levels of the gene. In a comparison of males and females, 144 exons in 140 genes were differentially expressed between the sexes, regardless of species (at P < 0.001; false discovery rate [FDR] = 0.35) (for examples, see Supplemental Fig. S20 ). Among genes with sexually dimorphic exon usage, we observed a depletion of genes that regulate transcription (P < 0.003) and an enrichment of genes involved in immune system processes and inflammatory response (P < 10 À4 ) (Supplemental Table S10 ). These results, together with the observation of an enrichment of genes involved in RNA splicing among sexually dimorphic genes, may point to functionally conserved sexually dimorphic alternative splicing in primates. Indeed, such a mechanism has been previously reported in flies (McIntyre et al. 2006) . That said, due to the large FDR in our analysis and the potential for unobserved confounding factors that might affect FDR calculations (Leek and Storey 2007) , these results should be treated with caution. When we compared exon usage across species, we identified 256, 565, and 837 genes with evidence of alternative transcripts that are significantly more abundant in humans, chimpanzees, or rhesus macaques, respectively (at P < 0.001; exon-level FDR < 0.08 in all species) (for an example, see Fig. 3 ; for more information, see Supplemental Table S13 ). In this case, the FDR associated with our analysis is reasonably small. In addition, quantitative PCR data for eight of 10 tested differences in exon usage between human and chimpanzee were consistent with the RNA-seq data (see Supplemental Table S14 ; Methods).
Based on the position of the exons that are differentially used across species, we further classified such genes as: (1) those that are consistent with alternative use of transcription start or end sites Figure 1 . Examples of gene expression patterns that are consistent with the action of natural selection on gene regulation. Gene expression profiles from the three species are plotted for genes whose regulation has likely evolved under stabilizing (A) or directional selection (B) in the human lineage. In all panels, mean (6SEM) normalized expression levels (y-axis) of each species (x-axis) are plotted.
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Genome Research 3 www.genome.org (76, 226, and 225 genes in humans, chimpanzees, or rhesus macaques, respectively), and (2) those that are consistent with alternative splicing (180, 339, and 612 genes in humans, chimpanzees, or rhesus macaques, respectively) (Fig. 3) .
Interestingly, among the latter class of genes in humans, there is a strong enrichment for genes involved in metabolic processes (P < 10 À4 ), as well as an over-representation of genes that play a role in morphological development (P < 0.002) (Supplemental Table S11 ). These observations are intriguing from an evolutionary standpoint as they indicate that differences in the regulation of alternative splicing may have played an important role in human adaptations.
Conserved alternative splicing in primates
Finally, we also looked for evidence of conserved alternative splice forms in the three species. This analysis is more delicate because the inability to reject the null model of no difference in exon usage between species does not provide strong support for conservation. Thus, instead of analyzing exon expression levels, we mapped exon-exon junction reads to look for cases of conserved alternative splicing. The identification of junction reads in species for which exons are not well annotated (including chimpanzee and rhesus masque) is difficult, since the exact exon boundaries are not well defined. Nonetheless, using TopHat ) with our orthologous exon definitions, we identified 79,391 pairs of adjacent exons spanned by at least one read, as well as 3478 pairs of non-adjacent exons spanned by at least one read (i.e., exon-skipping events) across the three species (Supplemental Table S15 ). Of the identified junctions, a larger number of exon skipping events are shared between human and chimpanzee (950) than between either human (808) or chimpanzee (783) and rhesus macaque, as might be expected given the known phylogeny of these species. Moreover, 42,610 (54%) and 631 (18%) adjacent and skipping events, respectively, were observed in all three species (for examples, see Fig. 4 ).
To provide further support that alternative splicing occurs in the 631 genes in which we infer conserved exon skipping events, we examined known human transcripts in the Ensembl database. Of 515 genes with at least one known transcript that includes the exon we infer to be skipped in all three species, 298 (58%) also have at least one known transcript in Ensembl that includes the flanking but not the skipped exon (4% are expected by chance alone; P < 2.2 3 10 À16 ). The evidence for splicing events that are also supported by previously annotated transcripts is slightly stronger than the evidence for splicing events not supported by previously annotated transcripts (a median of 18 compared with a median of 14 exon junction reads, across all lanes), suggesting that the false discovery rate for splice forms not supported by previous observations may be higher.
Discussion
We used RNA sequencing to compare patterns of gene expression and exon usage, in both sexes across three primate species. One potential pitfall of gene expression studies in primates is the reliance on small sample sizes (as primate tissues are rare). However, a comparison of results from the present study to those obtained by Blekhman et al. (2008) suggest that data from small samples are often quite informative. Indeed, of the 18 liver samples we used in this study, only seven (two from human, three from chimpanzee, and two from rhesus macaque) were also used in a previous microarray study (Blekhman et al. 2008) , and none of the total RNA preparations were shared across studies. Reassuringly, estimates of gene expression levels across the two studies are highly consistent. (The Spearman correlations between estimates of gene expression levels from the array and RNA-seq studies are 0.75, 0.74, and 0.75, for data from humans, chimpanzees, and rhesus macaques, respectively .) As typical correlations between different array platforms in controlled experiments, using the same RNA samples, are ;0.70 (Shi et al. 2006) , the level of consistency across studies in this case is satisfying (for Figure 2 . Examples of conserved sexually dimorphic gene expression patterns. In all panels, mean (6SEM) normalized expression levels (y-axis) of each species (x-axis) are plotted separately for males (blue) and females (green).
examples of concordance of estimates of interspecies relative gene expression levels across studies, see Supplemental Fig. S10 ). Indeed, the consistency across the two studies validates not only the RNA-seq approach, but also the assumption that gene expression estimates based on six individuals inform us about species-wide gene expression patterns.
Exon-level analysis
Beyond estimates of overall gene expression levels, the RNA-seq data also allowed us to study conservation and differences in exon usage and alternative splicing between sexes and across species. The inference of conserved alternative splicing patterns relies on sequence reads that span exon junctions, which indicate a consistent exon-skipping event in all three species. Since the number of junction reads identified in our analysis is ultimately limited by sequence coverage, we likely underestimated the number of conserved alternative splice forms. Of the inferred conserved exon skipping events, 58% were also supported by previously annotated human transcripts-a substantial fraction, especially given that most alternative splice forms are likely not currently known (Wang et al. 2008) .
In addition to inferring conservation of alternative splicing patterns, we found that 7% of genes expressed in the liver undergo differential alternative splicing between humans and chimpanzees or may have different transcription start or end sites in the two species. This estimate is consistent with the observations of Calarco et al. (2007) , who estimated that the alternative splicing patterns of 6%-8% of genes that are expressed in frontal cortex and/or heart are different between humans and chimpanzees. That said, it is likely that both Calarco et al. (2007) and the present study underestimate the proportion of differential alternative splicing between humans and chimpanzees due to lack of statistical power.
Our analysis also suggests, somewhat unexpectedly, that the number of human-specific changes in exon usage is smaller than that seen in chimpanzee. This pattern is only partly explained by the interspecies differences in the number of mapped reads, which affect the power to detect lineage-specific changes in exon expression levels (Oshlack and Wakefield 2009 ). In our data there are, on average, fewer reads mapping to orthologous exons in human samples (median = 1.64 million) than chimpanzees (median = 1.77 million) and macaques (median = 2.30 million). Indeed, when we subsampled 1 million reads from each lane of sequenced data, the differences in the numbers of genes with evidence of alternative transcripts that are significantly more abundant in each species are somewhat less pronounced (173, 329, and 384 such genes in human, chimpanzee, and rhesus macaque, respectively).
A second property of the data that may contribute to this pattern is the lack of independent exon annotation in the genomes of chimpanzee and rhesus macaques. Indeed, all orthologous exon definitions in our data originate with exons annotated in the human genome. Thus, while our data set is expected to include exons that are used in humans but not in chimpanzees or rhesus macaques, we are unlikely to include exons that are used in either chimpanzees or rhesus macaque, but not in humans. In many of these cases, only one non-human primate may have lost the exon. Using our approach, a lineage-specific lack of exon expression will be interrupted as a linage-specific change in exon usage. Thus, larger numbers of apparent linage-specific changes in exon usage are expected to be observed in the non-human primates.
Sexually dimorphic transcript expression patterns
Our data allowed us to identify genes with expression patterns that are consistent with conserved sexually dimorphic gene regulation. Among these, we found an enrichment of genes involved in lipid metabolism (using the gene-level analyses) and immune response (using the exon-level analyses). Both these observations are consistent with gene expression data from mouse livers in Yang et al. (2006) , who found an enrichment of genes involved in carboxylic acid metabolism, immune response, lipid metabolism, steroid biosynthesis, and steroid metabolism among genes with sexually dimorphic expression patterns (Table 2 in Yang et al. 2006) . Put together, these observations suggest that sexual dimorphism in the regulation of genes involved in lipid metabolism may have been maintained in mammals over a long evolutionary period.
We also compared our results with those of Su et al. (2008) , who analyzed a total of 1020 genes in mice, and tested individual Figure 3 . An example of human-specific change in exon usage. Mean (6SEM) relative exon expression levels (y-axis) are plotted separately for each species; (red) human; (blue) chimpanzee; (black) rhesus macaque. The gene structure appears above the x-axis, which denotes the genomic coordinates. Splice junctions identified for each species are shown as triangles connecting pairs of exons, solid lines between consecutive exons, and dotted lines between alternatively spliced exons. A typical difference in exon usage between humans and the non-human primates, which is also supported by junction reads, is circled. Figure 4 . Examples of conserved exon usage and alternative splicing across the three species. Mean (6SEM) relative exon expression levels (y-axis) are plotted separately for each species; (red) human; (blue) chimpanzee; (black) rhesus macaque. The gene structure appears above the x-axis, which denotes the genomic coordinates. Splice junctions identified for each species are shown as triangles connecting pairs of exons, solid lines between consecutive exons, and dotted lines between alternatively spliced exons. exons for expression differences between the sexes, without controlling for overall gene expression levels (so identified differences may reflect differences in overall gene expression, rather than in exon usage). To make the comparison we analyzed our data in the same way. Among the 746 human-mouse orthologous genes common to the two studies, there are 232 genes in Su et al. (2008) data, and 97 genes in our data, with evidence for a difference in expression level of at least one exon between sexes (Bonferronicorrected P < 0.01), with an overlap of 37 genes (a moderate enrichment over the overlap expected by chance; P » 0.07, Fisher's exact test). The smaller number of differences identified in our data may partly reflect the pooling of three different species.
Summary
Put together, our results are consistent with previous observations (Xing and Lee 2005; Calarco et al. 2007 ) and indicate that alternative splicing is tightly regulated. We found large numbers of exons that are consistently skipped in livers from humans, chimpanzees, and rhesus macaques, as well as evidence for lineagespecific shifts in the composition of alternative transcripts. Indeed, the evolution of gene function through the regulation of alternative splicing is an intuitive mechanism and is consistent with a growing number of cases where mutations that affect splicing were found to be associated with human diseases (for review, see Tazi et al. 2009 ). We expect that further RNA-seq data will allow more detailed assessment of the relative contribution of such mechanisms to adaptation through changes in gene regulation.
Methods
Sample collection, study design, and RNA sequencing
In this study, we used RNA sequencing (RNA-seq) to compare gene expression levels and exon usage across sexes within and between species. We chose to work with liver tissue samples because livers are among the most homogeneous tissue with respect to cellular composition (more than 70% of the cells are hepatocytes) (Balashova and Abdulkadyrov 1984) . As a result, it is unlikely that observed differences in gene expression levels and/or exon usage between sexes or species can be explained by corresponding systematic differences in cell composition between samples.
We obtained samples from several sources (for details on all samples, see Supplemental Table S2 ). Non-human liver tissues were collected for us by the Yerkes primate center and the Southwest Foundation for Biomedical Research (SFBR). Additional primate tissues were provided by Anne Stone (Arizona State University, Tempe). The human adult tissue samples were collected for us by the National Disease Research Interchange (NDRI). All samples were collected from healthy adult individuals for all three species (for the non-human primates, tissues were collected when chimpanzees or rhesus macaques died of natural causes such as accidents or fights, or were euthanized due to an illness unrelated to the liver).
We extracted RNA from each tissue sample using TRIzol (Invitrogen) and confirmed that the RNA was of high quality both by visualizing the RNA on a gel, and by analyzing it using Agillent's Bioanalyzer 2100. We then prepared samples for RNA sequencing using Illumina's technology (Solexa) by using our previously published RNA-seq protocol (Marioni et al. 2008 ; the detailed protocol is available at http://giladlab.uchicago.edu). Based on results from our previous study (Marioni et al. 2008) , we decided to sequence each sample using two lanes of the Genome-Analyzer II (GA2), yielding a total of 36 lanes, distributed over multiple flow cells. The sequencing study design and the distribution of samples over the flow-cells are illustrated and detailed in Supplemental Figure S1 and Supplemental Table S3 .
Read mapping, normalization, and estimates of gene expression levels
The Illumina GA2 output files were mapped to the human, chimpanzee, and rhesus macaque genomes, as appropriate, using MAQ (Li et al. 2008 ) version 0.6.8. Specifically, the files were transformed into the fastq format using MAQ's sol2sanger script, and then to the bfq format using MAQ's fastq2bfq script. The sequence reads were mapped to the appropriate reference genome using the MAQ match script with default parameters. Output files were transformed to the mapview format using the MAQ mapview script.
To obtain a measure of exon and gene expression levels, we counted the number of reads that mapped within each exon from each lane of sequence. We excluded reads that (1) did not overlap any of the three-species orthologous exons; (2) had a MAQ mapping quality lower than 20, which might indicate errors or ambiguous mapping; or (3) mapped to more than a single exon in our list. A summary of the data from each lane is available in Supplemental Table S3 .
Once we obtained the final list of reads that mapped unambiguously to orthologous exons in each lane, we estimated relative gene expression levels for each lane of data by summing the number of reads mapped to all the exons within the gene and dividing by the total number of reads mapped to genes in that lane. Furthermore, in all plots, we consider the square root of the proportions to aid both visualization and to stabilize the variance of the observations.
Using this approach, we found 13,267, 13,275, and 13,105 expressed genes in the livers of humans, chimpanzees, and rhesus macaques, respectively (using an arbitrary classification of genes as ''expressed'' when the median number of reads mapped to the gene across all the lanes in which the same species is sequenced is higher than 0; see Supplemental Fig. S2 ).
A statistical framework for identifying differentially expressed genes
In an earlier study (Marioni et al. 2008) , we showed that when the same cDNA library is sequenced in multiple lanes (either on the same, or in different flow cells) the number of reads mapping to a gene in each lane can be modeled as independent Poisson random variables. Consequently, we extended this framework to model the number of reads mapping to each gene (i.e., the sum of reads mapped to all exons within a gene) in our study by using a Poisson mixed-effects model, where a random effect is incorporated to estimate variability between individuals.
Specifically, if y s;i;l g denotes the number of reads mapped to gene g for individual i of species s in replicate lane l, C s,i,l denotes the total number of reads mapping to genes in the lth replicate lane in which individual i of species s is sequenced, and L s g denotes the total length of gene g in species s, we assume that: Alternative splicing in primates Genome Research 7
www.genome.org be estimated. When making inferences about differences in gene expression levels between either species or sexes, we use the above model by restricting the values that the fixed-effects parameters can take, and assessing how well various models describing different evolutionary scenarios fit the data. To fit the model (under all parameterizations of m s;i g ), we maximized the likelihood (estimated using a Laplace approximation) as implemented in the R library, lme4.
Interspecies differences in gene expression
To test whether a gene is differentially expressed between pairs of species, we considered data from the three possible pairwise combinations separately. We assessed how well the model defined in Equation 1 fitted the data under the two parameterizations of m Here, M 0 is the null model where we assume no difference in gene expression across species (when accounting for gene length, number of reads in each lane, and after controlling for a sex effect that is common across species). In turn, M 1 describes an alternative model where the expression of gene g differs between the pair of species. We determine whether there is significant evidence of a difference in expression between the two species by comparing the difference in the likelihood (calculated at the maximum likelihood estimates of the parameters) between M 0 and M 1 and calculating a likelihood ratio statistic. Subsequently, to obtain P-values, we compared the test statistic with a chi-square distribution with one degree of freedom. Finally, to correct for multiple testing, we calculated an FDR using the approach of Storey and Tibshirani (2003) . Genes with a q-value < 0.05 were considered differentially expressed between species. See Table 1 for the numbers of differentially expressed genes, Supplemental Figure S13 for expression patterns of genes DE between human and chimpanzee, and Supplemental Figure S14 for a Venn diagram depicting the overlap in DE genes between the three species.
We used a similar approach (with the same FDR) to identify genes that are differentially expressed between species within each sex by considering only lanes from one sex (in this analysis we did not include the sex effect d sexðiÞ g
). For details of the parameterizations of the models that were used to identify genes under various selective pressures, see the Supplemental Methods.
Splice junction identification
To identify reads that overlap exon-exon junctions, we used TopHat ) version 1.0.8 with Bowtie (Langmead et al. 2009 ) version 0.9.9.3. We first created Bowtie index files for the three reference genomes (hg18, panTro2, or rheMac2) using the Bowtie-build program with default parameters. We then created three GFF files (one for each species) containing all possible exon junctions (within each gene) using our orthologous exon definitions. Next, we ran TopHat separately for all the lanes from each species and sex (six runs, six lanes for each run). We used the GFF and no-novel-juncs options and inputted the appropriate GFF file and reference genome Bowtie index. Finally, we summarized the junction reads in the output into three categories: (1) reads supporting splicing of consecutive exons; (2) reads supporting skipping events, where one exon is skipped; and (3) reads supporting other alternative splice forms (skipping of more than one exon). The numbers of junctions, reads, and genes in each category for each species are given in Supplemental 
This model is very similar to the one described in Equations 1 and 2. In essence, this formulation assumes that the number of reads mapping to each exon (conditional on its length) can be modeled by conditioning on the overall expression of the gene. To this end, the following gene-wide parameters (common across all exons) are included: an intercept term, a different effect for each species, a sex effect, and a sex-by-species interaction. Furthermore, we incorporate an individual random effect (as defined previously), and one exon-specific term, u g,k , which allows for differences in the mean expression of each exon (common across each sex and species) to be incorporated into the model. We fitted this model (using the lme4 R package) to all genes with more than one exon and to all genes where the median number of reads across all 36 lanes is greater than 1. Subsequently, to determine whether specific exons showed different expression levels between either sexes or species, we considered the standardized residuals [defined as ðobserved À fittedÞ= ffiffiffiffiffiffiffiffiffiffiffi fitted p ] where the fitted values were extracted from the mixed-effects model defined above. Let r s;i;l g;k denote the (standardized) residual for the k-th exon of gene g in replicate lane l for individual i of species s. Since we have controlled for gene-wide sex and species effects (as well as differences in the mean expression level of each exon across sexes and species), correlation of the residuals for a particular exon with either sex or species will suggest differences in exon usage between sexes or across species (for more details, see Supplemental Methods).
Analysis of enrichment in functional categories
Throughout this study, we have used Gene Ontology (GO) annotations (The Gene Ontology Consortium 2000) to examine the biological functions of genes whose regulation likely evolves under natural selection. We recognize, however, that a global analysis of all GO terms is somewhat difficult to interpret since many functional annotations are not mutually exclusive at any level of the GO hierarchy and are often not very informative. Consequently, we focused on enriched categories at the top of ranked lists for each analysis (Supplemental Tables S5-S11) and only reported qualitative results that are either supported by several observations or are consistent with data from other studies. Moreover, to confirm that our results are robust with respect to the statistical cutoffs used to identify genes whose regulation evolves under selection, we repeated the GO analyses using two additional statistical cutoffs for each class and confirmed that the qualitative results are unchanged (Supplemental Methods; Supplemental Table S12 ). Finally, since the power to detect differences in exon usage using RNA-seq data is related to the length of the exon and the number of exons in a gene (Oshlack and Wakefield 2009) , we also confirmed that the results of the GO analysis for the categories of genes with either species or sexually dimorphic exon usage are not biased toward enrichment of long genes (as there may be an association between functional categories and gene length). To do so, we repeated the enrichment analysis using a background set containing only genes whose length is within the 20th and 80th percentiles of the distribution of gene lengths in the test set. The qualitative results have not changed (Supplemental Methods).
Quantitative RT-PCR analysis of interspecies differences in exon usage
To provide further support for the inference of interspecies differences in the expression level of alternative splice forms, we performed quantitative PCR. To do so, we selected 10 genes for which we inferred a human-specific (either reduced or elevated) level of exon usage and tested the expression level of this exon in two humans and two chimpanzees (one male and one female from each species). To account for overall gene expression difference between the species, we also assayed the expression of a control exon, chosen such that the mean levels of expression in the two species, although not significantly differential expressed, show the opposite trend compared with the test exon.
PCR primers for all exons were designed in genomic regions that are identical between human and chimpanzee. As templates, we used a new RNA extraction from the human and chimpanzee livers different from the one that was used for the RNA-seq experiments. Quantitative RT-PCR was performed in a 25-mL reaction containing 23 SYBR master mix (Sigma), 0.2 pM each primer, and 1 mL of cDNA template. PCR was performed in a 7900HT Fast RealTime PCR System (Applied Biosystem, Inc.), in three technical replicates for each sample. The detection threshold cycle for each reaction was determined using a standard curve. For a summary of the results, see Supplemental Table S14 .
